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1  Introduction 

Ultraviolet  (UV)  signal  propagation  in  the  atmosphere  has 
useful  properties  such  as  strong  atmospheric  scattering  and 
attenuation,  and  solar  blindness  in  the  deep  UV  band 
(wavelength  200-280  nm).  Scattering  enables  non-line-of- 
sight  (NLOS)  communications,  whereas  attenuation  ensures 
signal  extinction  at  longer  ranges.  With  low  to  negligible 
solar  radiation  background  short-range  UV  link 
performance  is  dominated  by  scattering  and  absorption. 

UV  communications  has  a  rich  history  (see  the  survey  in 
[I])-  A  series  of  relevant  studies  on  UV  communication 
have  been  conducted  since  the  1960s,  mainly  for  longer 
ranges  [2-5].  Those  early  NLOS  UV  studies  employed 
flashtube  and  lamp  sources  that  had  significant  limits  in 
bandwidth  and  generally  consumed  high  power.  Recent 
progress  in  semiconductor  optical  sources  and  detectors 
promises  low  power  and  cost,  as  well  as  high  bandwidth. 
Research  grade  light-emitting  diodes  (LEDs)  are  available, 
and  commercial  high-gain  UV  photomultiplier  tubes 
(PMTs)  with  large  detection  area  enable  high-detection 
sensitivity  for  very  weak  signals.  Avalanche  photodiode 
(APD)  detectors  are  also  rapidly  being  developed  [6,  7]. 
These  device  advances  have  inspired  recent  research  in 
LED-based  short-range  NLOS  UV  communication  systems 
[8,  9]. 

The  study  on  NLOS  UV  communication  channels  focuses 
on  photon  interactions  with  the  atmosphere,  including 
scattering,  absorption  and  turbulence.  Turbulence  is 
generally  ignored  at  relatively  short  ranges  in  clear  weather 
conditions,  so  that  scattering  and  absorption  effects  are  of 
primary  interest.  An  analytical  single  scattering  model  was 
developed  for  channel  impulse  response  by  Reilly  and 
Warde  [10].  This  single  scattering  model  was  further 
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extended  to  describe  angular  spectra  and  path  losses  [11], 
and  an  approximation  provides  analytically  tractable 
analysis  [12].  However,  the  single  scattering  models  cannot 
always  predict  accurate  communication  performance.  As  the 
communication  range  is  increased,  or  under  dense 
atmospheric  conditions,  multiple  scattering  may  have  a 
more  noticeable  contribution  to  the  total  received  signal. 
Based  on  experimental  path  loss  measurements,  an 
empirical  path  loss  model  leads  to  improved  path  loss 
prediction  when  compared  with  the  single  scattering  theory 
[13].  A  Monte  Carlo  (MC)  simulation  technique  was 
suggested  to  develop  both  path  loss  and  impulse  response 
models  [14],  explicitly  incorporating  the  multiple  scattering 
events.  A  further  step  was  taken  to  develop  an  analytical 
path  loss  model  based  on  the  probability  theory  governing 
random  migration  of  photons  in  the  atmosphere,  undergoing 
scattering  and  absorption  [15]. 

In  this  paper,  we  summarise  our  recent  progress  in 
UV  communications,  including  channel  modelling, 
experimentation,  and  link  performance  study  [16],  and  also 
provide  new  performance  study  for  NLOS  UV  links.  We 
present  NLOS  link  geometry  and  atmospheric  optical 
properties  in  Section  2.  Then  we  review  some  recent 
progress,  and  present  new  experimental  and  analytical 
impulse  response  and  path  loss  results  for  outdoor  NLOS 
UV  communication  channels  in  Section  3.  The  impulse 
response  modelling  describes  UV  pulse  broadening  via 
multiple  scattering  propagation,  and  path  loss  provides  a 
means  to  assessing  receiver  performance  through  the 
average  signal -to-noise  ratio  (SNR).  Both  the  impulse 
response  and  path  loss  are  critical  to  communication  system 
design  and  performance  assessment.  Although  pulse 
broadening  creates  inter-symbol  interference  (ISI)  that  limits 
the  achievable  rate  for  a  given  link,  the  SNR  becomes 

lET  Commun.,  2012,  Vol.  6,  Iss.  5,  pp.  514-524 
doi:  10.1049/iet-com.2011.0026 


dominant  in  many  cases  of  interest  owing  to  the  very  high 
scattering  and  absorption  losses.  An  analytical  path  loss 
model  is  developed,  similar  to  the  MC  photon  tracing 
technique  [14],  The  modelling  results  are  also  compared 
with  the  experimental  measurements,  including  path  loss 
and  channel  impulse  response,  for  varying  pointing 
geometries  and  baseline  range.  In  Section  4,  we  further 
study  the  link  performance  for  short-  and  long-range  NLOS 
UV  communications,  including  path  loss  and  power 
requirement  assessment,  and  power  and  bandwidth  trade-offs. 

Compared  with  our  previous  work,  this  paper  provides 
more  comprehensive  path  loss  performance  analysis  by 
considering  various  geometry  parameters,  including 
pointing  angles,  FOV  and  baseline  ranges.  By  simulation 
study  of  NLOS  UV  channel  bandwidth,  we  also  show  that 
NLOS  UV  links  are  typically  power  limited  to  achieve 
certain  data  rate  and  range  requirements. 

2  NLOS  UV  communication  channel 

The  NLOS  UV  channel  involves  a  variety  of  phenomena, 
including  molecular  scattering  and  absorption,  aerosol 
scattering  and  absorption,  and  atmospheric  turbulence.  For 
NLOS  UV  communications  scattering  serves  as  the  vehicle 
for  information  exchange  between  the  transmitter  (Tx)  and 
receiver  (Rx).  The  scattered  light  that  reaches  the  receiver 
depends  on  the  link  geometry  and  the  optical  properties  of 
the  atmosphere,  as  described  next. 

2. 7  Link  geometry 

Consider  a  typical  NLOS  communication  geometry  [11,  12], 
as  shown  in  Fig.  1 .  Denote  the  Tx  beam  full-width  divergence 
angle  by  ai,  the  Rx  field-of-view  (FOV)  angle  by  a2,  the  Tx 
elevation  angle  by  /3i,  Rx  elevation  angle  by  /32,  the  Tx  and 
Rx  baseline  separation  by  r  and  the  distances  of  the 
intersected  (overlap)  volume  V  to  the  Tx  and  Rx  by  ri  and 
^2,  respectively.  Experimentally,  we  employ  a  laser  or  LED 
array  with  a  full  beam  angle  of  3  mrad  and  17°, 
respectively.  The  PMT  together  with  a  solar-blind  filter  in 
our  test-bed  has  an  FOV  angle  of  30°. 

2.2  Atmospheric  optical  properties 

To  describe  the  propagation  conditions,  we  assume  a 
homogeneous  atmosphere  and  adopt  the  following 
coefficients  [10]:  the  Rayleigh  (molecular)  scattering 
coefficient  Mie  (aerosol)  scattering  coefficient 

absorption  coefficient  and  extinction  coefficient  k^..  The 
total  scattering  coefficient  is  defined  as  the  sum  of  the  two 
scattering  coefficients  -|-  and  the  extinction 

coefficient  is  given  by  the  sum  of  the  scattering  and 


Fig.1  NLOS  UV  communication  link  geometry,  depicting  elevated 
transmitter  beam  and  receiver  FOV  [12] 
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absorption  coefficients  ke  =  k^  +  k^.  In  this  paper  we 
assume  gas  concentrations  and  optical  features  of  the 
atmosphere  as  described  by  Table  II  of  [4]  at  wavelength 
260  nm,  given  in  Table  1 . 

The  phase  function  is  modelled  as  a  weighted  sum  of 
Rayleigh  (molecular)  and  Mie  (aerosol)  scattering  phase 
functions  based  on  the  comesponding  scattering  coefficients 
[12].  This  function  probabilistically  models  the  scattering 
properties  of  the  atmosphere.  In  our  simulations,  we  use  the 
optical  phase  function  given  by 


7  Kay  7  Mie 

Pip)  =  ^P^^iP)  +  ^P^\P)  (1) 

K  K 

where  p  =  cos  6s  is  defined  from  the  scattering  angle  Og.  The 
two-phase  functions  follow  a  generalised  Rayleigh  model  and 
a  generalised  Henyey-Greenstein  function,  respectively 
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where  y,  g  and  /  are  model  parameters. 

3  Impulse  response  and  path  loss  results 

In  this  section,  we  present  our  analytical  and  experimental 
results  for  intensity  impulse  response  and  path  loss. 

3. 1  Experimental  impulse  response 

Fig.  2  depicts  our  solar-blind  UV  communication  impulse 
response  test  bed  [17].  To  obtain  reliable  impulse  response 
measurements,  we  employed  a  high-power  UV  laser 
capable  of  transmitting  short  pulses,  and  a  high-sensitivity 
UV  PMT  detector  combined  with  a  solar-blind  filter  with  a 
high  out-of-band  rejection  ratio  to  suppress  out-of-band 
optical  noise.  The  system  captured  the  measured  impulse 
response  directly  in  the  time  domain. 

The  transmitter  employed  a  compact  Q-switched  fourth 
harmonic  Nd:YAG  laser  triggered  by  a  rectangular  pulse  at 
10  Hz  from  a  signal  generator,  producing  a  laser  pulse  train 
with  pulse  width  of  (3-5)  ns.  At  the  receiver,  we 
considered  both  APDs  and  PMT  detectors.  The  detector 
was  followed  by  a  customised  preamplifier  module.  A 
3  GHz  digital  oscilloscope  was  used  to  view  and  record  the 
receiver  output  waveform.  We  first  tested  both  detectors 
with  LOS  geometry  at  negligible  range.  Fig.  3  shows  the 
results.  We  can  see  that  the  full-width  half-maximum 
(FWHM)  pulse  width  using  the  APD  is  less  than  5  ns.  The 
ripple  in  the  tail  was  mainly  caused  by  electric  discharge  in 
the  circuit.  Although  the  APD  has  a  fast  response  time  of 
1  ns,  its  relatively  small  active  area  limits  gain  to  only 
about  10^-10"*.  Consequently,  the  APD  is  not  suitable  for 
many  NLOS  measurement  scenarios  owing  to  an  inability 


Table  1  Atmosphere  model  parameters 


A,  nm 

km-’ 

km-’ 

kj,  km  ’ 

260 

0.266 

0.284 

0.802 
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Fig.  2  NLOS  UV  channel  impulse  response  measurement  system  [1 7] 
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Fig.  3  Measured  pulse  response  [17] 


to  capture  weak  signals.  Although  the  PMT  has  a  very  high 
gain  10^-10^,  its  multiple  electrode  structure  tends  to 
spread  the  response  time.  The  fastest  commercial  UV  PMT 
available  at  the  time  of  experiment  was  a  Hamamatsu  PMT 
whose  response  time  was  about  6  ns.  The  FWHM  pulse 
width  is  6.2  ns,  and  this  represents  the  minimum  time 
resolution  in  our  channel  response  measurements  because  of 
non-ideal  devices  in  the  system,  including  the  laser, 
detector  and  amplifier  circuit.  However,  the  measured 
chaimel  response  typically  spanned  Irom  tens  to  hundreds, 
and  up  to  thousands  of  nano-seconds,  depending  on  link 
geometry.  So,  the  recorded  waveforms  are  reasonable 
representations  of  the  corresponding  impulse  responses. 

We  conducted  a  series  of  tests  with  varying  geometry, 
including  varying  Tx  and  Rx  elevation  angles  from  0  to 
90°,  changing  Tx  beam  angle,  Rx  FOV  and  baseline 
distance  up  to  100  m.  The  experimental  site  was  an  outdoor 
open  field,  with  measurements  conducted  in  daylight  and 
clear  weather.  Measured  waveform  shapes  change  with 
varying  geometry;  we  will  present  results  in  typical 
scenarios  in  the  next  subsection  while  leaving  more 
extensive  results  to  be  reported  elsewhere.  A  general 
observation  is  that  a  larger  elevation  angle  induces  a  longer 
tail  in  the  impulse  response.  This  arises  as  the  overlap 
volume  increases,  yielding  a  larger  spatial  spread  of 
scattering  interactions  and  correspondingly  extending  delay 
spread  in  the  impulse  response. 

3.2  Simulated  impulse  response 

The  simulation  method  described  here  can  compute  the 
impulse  response  because  of  multiple  scattering  via  MC 
simulation  of  each  photon’s  arrival  probabilities  and  the 
associated  propagation  delay  to  the  Rx. 

The  main  idea  of  the  MC  method  is  to  simulate  a  complex 
process  as  a  succession  of  elementary  events  whose 
probability  laws  are  known.  Light  is  decomposed  into  a  set 
of  photons  and  each  individual  photon’s  migration  process 
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is  probabilistically  modelled.  The  process  is  repeated  for  a 
large  number  of  photons,  yielding  a  statistical  picture  of  the 
propagation  channel.  After  emission,  each  photon  will 
follow  a  migration  path  where  it  may  be  scattered  and 
absorbed.  The  length  of  each  migration  is  governed 
probabilistically,  as  is  the  next  scattering  angle.  Each 
photon  has  an  initial  survival  probability  that  is  renewed 
after  each  migration.  The  photon  is  repeatedly  migrated 
until  it  either  reaches  the  receiver  or  its  survival  probability 
is  smaller  than  a  threshold  value  whereupon  it  is  considered 
lost.  The  process  is  repeated  for  many  photons,  and  the 
aggregated  arrival  probabilities,  as  a  function  of  time, 
represent  the  expected  received  signal  intensities, 
corresponding  to  the  channel  impulse  response.  A  detailed 
description  of  this  model  is  available  in  [14]. 

To  validate  our  MC  impulse  response  model,  we  compare 
our  simulated  impulse  response  with  our  measured  response 
for  varying  pointing  angles  with  a  baseline  range  of  100  m 
as  shown  in  Fig.  4.  We  observe  that  the  pulse  spreading  is 
roughly  200,  300,  400,  500  ns  for  these  four  pointing 
geometries.  There  is  a  reasonable  agreement  between  the 
simulation  and  experimental  results.  However,  scenarios 
with  small  pointing  angles  have  shown  larger  errors 
between  the  measurement  and  simulation,  and  we  continue 
to  investigate  these  cases.  We  conjecture  that  the  mismatch 
between  experiment  and  prediction  may  be  attributed  to 
system  calibration  errors,  inaccurate  atmospheric  parameters 
for  the  system  operating  conditions  and  other  measurement 
errors. 


3.3  Experimental  path  loss 

Motivated  by  analytical  path  loss  expressions  under  a  single 
scattering  assumption,  we  postulated  the  following  general 
form  for  the  measured  path  loss  [12] 

PL  =  (4) 
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Fig.  4  Comparison  of  simulated  and  measured  impulse  responses  [18] 

a  Impulse  response  for  (/3i,  =  (45°,  40°) 
b  Impulse  response  for  (;3i,  /32)  =  (45°,  60°) 
c  Impulse  response  for  (/3i,  ^2}  =  (45°,  80°) 
d  Impulse  response  for  (/3i,  /32)  =  (45°,  90°) 


where  the  path  loss  factor  ^  and  path  loss  exponent  a  are 
implicitly  functions  of  the  pointing  angles.  The  term 
stems  from  free  space  path  loss.  Parameter  a  takes  a  value 
of  two  for  a  point  source  in  a  free  space  LOS  link,  but 
reduces  to  approximately  one  in  large  pointing  angle 
geometries  (/3i  =  j52>  60°)  [13].  Note,  however,  that  ^ 
also  changes  with  angle  geometry,  over  several  orders  of 
magnitude.  Both  parameters  were  estimated  by  a  curve¬ 
fitting  technique  based  on  our  extensive  field-test  path  loss 
results,  as  a  function  of  pointing  angles  and  baseline  range. 
The  results  were  tabulated  and  described  in  [13]. 

We  have  validated  the  path  loss  predictions  by  comparing 
with  independent  measurements,  using  a  relatively  low- 
powered  LED  source  array.  A  high-powered  source  is 
needed  at  longer  ranges,  especially  with  large  pointing 
angles  (approaching  vertical)  where  the  path  loss  becomes 
very  large.  Consequently,  our  measurements  at  ranges  up  to 
100  m  required  small  (low  to  the  horizon)  pointing  angles, 
whereas  at  shorter  baseline  distances  we  were  able  to 
measure  path  loss  at  larger  angles.  Fig.  5  compares 
predicted  and  measured  path  losses  for  Tx  and  Rx  apex 
angles  up  to  40°  with  a  baseline  separation  of  100  m.  The 
prediction  errors  for  each  Tx  elevation  angle  are  within  a 
few  decibels  over  the  specified  range  of  the  Rx  elevation 
angle,  which  illustrates  that  our  empirical  model  provides  a 
good  prediction  for  ranges  up  to  100  m  with  small  to 
medium  pointing  angles.  Fig.  6  compares  path  loss 
measurement  and  simulation  assuming  single  scattering. 
The  model  parameters  matched  the  experimental 
measurement  system  as  closely  as  possible,  and  assumed  a 
tenuous  atmosphere,  with  the  measurements  taken  outdoors 
on  a  clear  day.  The  simulation  shows  a  reasonable 
agreement,  within  a  few  dB.  In  general,  as  expected,  we 
observe  that  the  loss  increases  as  either  the  Tx  or  Rx  angle 
increases.  This  is  due  to  the  longer  propagation  path  as  well 
as  the  inherent  scattering  loss. 


Fig.  5  Comparison  of predicted  and  tested  path  losses  for  different 
Tx  and  Rx  angles  at  100  m  distance  [13] 

3.4  Analytical  path  loss  model 

Following  the  same  physical  scattering  law  as  the  MC  simulation 
[14],  here  we  propose  a  stochastic  analytical  method  to 
theoretically  derive  the  nth  order  scattered  signal  energy 
collected  by  the  detector  [15].  The  model  considers  all  photons 
stochastically  scattered  and  absorbed  by  the  atmospheric 
particles,  and  involves  probabilistic  modelling  of  photon 
random  moving  direction,  distance,  energy  loss  and  receiver 
capture  after  a  certain  number  of  scatterings.  In  order  to  obtain 
the  nth-order  scattered  signal  at  the  receiver,  we  trace  the 
migration  routes  of  a  single  photon  through  the  medium  [19], 
This  model  offers  an  analytical  formulation  for  NLOS 
scattering  channel  path  loss,  whereas  following  the  same 


lET  Commun.,  2012,  Vol.  6,  Iss.  5,  pp.  514-524 
doi:  10.1049/iet-com.201 1.0026 


517 

©  The  Institution  of  Engineering  and  Technology  2012 


www.ietdl.org 


b 
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Fig.  6  Comparison  of  measured  and  simulated  path  loss  with  four  different  pointing  angle  pairs 

a  Path  loss  for  {d\,  62)  =  (80°,  60°) 
b  Path  loss  for  (dj,  dj)  =  (80°,  70°) 
c  Path  loss  for  (61,  $2)  =  (80°,  80°) 
d  Path  loss  for  (di,  $2)  =  (80°,  90°) 


probability  theory  as  the  MC  method.  We  will  show  that  both 
models  match  well.  A  detailed  description  of  this  model  is 
available  in  [15].  The  model  assumes  that  the  photons  are 
stochastically  scattered  and/or  absorbed  by  the  atmospheric 
particles  and  involves  probabilistic  modelling  of  photon 
random  moving  direction,  distance,  energy  loss  and  receiver 
capture  after  a  specified  number  of  scatterings. 


Fig.  7  compares  the  path  loss  results  generated  Ifom  our 
stochastic  model  and  the  MC  simulation  model.  Four  sets 
of  Tx  and  Rx  elevation  angles  are  included  for  detailed 
comparison.  For  each  subplot,  the  stochastic  model  provides 
a  good  match  with  the  simulation  model,  with  modest  error 
within  1  dB.  This  indicates  that  our  proposed  model  is  a 
good  reference  for  evaluating  the  MC  simulation  model. 


Fig.  7  Predicted  path  loss  of  stochastic  model  and  simulation  [15] 

a  Path  loss  for  (/3i,  ^62)  =  (20°,  20°) 
b  Path  loss  for  (/3i,  ji])  =  (45°,  45°) 
c  Path  loss  for  (/3i,  ^2)  =  (60°,  60°) 
d  Path  loss  for  (fiu  /Jj)  =  (90°,  90°) 
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Fig.  8  Received  energy  ratio  for  extra  thick  atmosphere  predicted  by  the  proposed  model  [15] 

a  Received  for  (fii,  fij)  =  (20°,  20°) 
b  Received  for  /Si)  =  (45°,  45°) 
c  Received  for  (/3i,  /Si)  =  (60°,  60°) 
d  Received  for  {pu  /3i)  =  (90°,  90°) 


In  order  to  demonstrate  the  significance  of  higher  order 
scattering,  in  Fig.  8  we  plot  the  ratio  of  the  accumulated 
received  energy  from  n  =  \  (first  scattering  order  only)  to 
n  =  5  (sum  of  first  through  fifth  order  scatterings)  for  an 
extra  thick  atmosphere  at  different  elevation  angle  pairs 
[15],  For  each  scenario,  we  find  that  the  second-,  third-  and 
fourth-order  scatterings  contribute  significantly  to  the  total 
received  energy.  In  particular,  the  second-  and  third-order 
scatterings  overwhelm  other-order  scatterings.  Furthermore, 
we  can  see  that  the  fifth-order  scattering  does  not 
contribute  as  much  as  the  lower-order  scatterings.  When 
considering  multiple  scattering  contributions,  the  path  loss 
decreases  as  higher-order  scattering  contributions  are 
added.  These  results  indicate  the  remarkable  property  that 
for  relatively  shorter  ranges,  NLOS  UV  communications 
links  are  potentially  enhanced  in  hazy  or  foggy  weather 
owing  to  the  increased  number  of  scattering  particles  in  the 
atmosphere. 

4  Link  performance  study 

In  this  section,  we  investigate  the  NLOS  UV  link  performance 
by  analysing  link  path  loss,  channel  bandwidth,  data  rate  and 
power  requirement.  All  results  here  are  obtained  by  our 
stochastic  analytical  method  proposed  in  the  previous  section. 

4. 7  Simulated  short-range  path  loss 

Given  experimental  LED  power  limitations,  we  focus  on 
ranges  from  10  to  100  m.  Note  that  path  loss  is  not 
particularly  sensitive  to  Tx  beamwidth  angle.  We  examine 
the  path  loss  while  varying  Tx  and  Rx  pointing  angles  and 
Rx  FOV  angle.  In  our  simulations,  we  assume  a  default  17° 
Tx  beam  angle,  30°  Rx  FOV  angle  and  90°  Rx  pointing 
angle  unless  we  explicitly  specify  these  parameters. 

Fig.  9  depicts  range-dependent  path  loss  for  varying  Tx  and 
Rx  pointing  angles.  We  can  see  that  path  loss  is  very  sensitive 
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to  the  pointing  angles.  In  particular,  for  fixed  large  Tx 
pointing  angles  increasing  Rx  pointing  angle  may  exhibit 
dramatic  path  loss  deterioration,  which  implies  that  it  is 
necessary  to  increase  the  transmitted  power  to  compensate 
the  high  chamiel  attenuation  loss  problem  for  large  pointing 
angle  geometry.  For  example,  for  fixed  transmit  power,  the 
NLOS  communications  range  can  be  extended  by  lowering 
the  pointing  angles  towards  each  other. 

Under  a  solar  blind  assumption,  a  wide  Rx  FOV  can 
increase  the  received  signal  power  level  without  a 
significant  increase  in  noise.  We  show  the  FOV  effect  for 
path  loss  in  Fig.  10.  Obviously,  a  wider  Rx  FOV  produces 
lower  path  loss  as  the  Rx  is  able  to  collect  more  scattering 
signal  photons.  For  Tx  and  Rx  pointing  angle  pair  (60°, 
90°),  path  loss  for  100  m  range  shows  more  than  10  dB 
improvement  by  increasing  the  FOV  from  30  to  180°.  Other 
geometries  also  show  significant  reduction  in  path  loss. 
However,  in  some  practical  scenarios  where  there  is  a  non¬ 
trivial  background  noise,  the  FOV  needs  to  be  optimised  to 
maximise  the  receiver  SNR  and  consequently  minimise  the 
bit  error  rate  (BER),  as  described  in  [20], 

4.2  Power-limited  or  bandwidth-limited  channel? 

We  have  shown  in  Figs.  9  and  10  that  path  loss  can  be 
improved  by  increasing  the  Rx  FOV  as  well  as  using  small 
pointing  angles  for  longer  range  UV  links.  However, 
increasing  Rx  FOV  may  also  generate  a  loss  of  bandwidth 
as  a  result  of  pulse  spreading.  This  occurs  as  the  pointing 
angles  and  Rx  FOV  increase.  Although  a  wide  FOV  is 
valuable  to  combat  path  loss,  it  also  constrains  the 
bandwidth  as  a  result  of  the  extended  impulse  response 
duration,  which  leads  to  a  fundamental  system  trade-off 
between  path  loss  and  impulse  response  spreading.  The 
achievable  data  rate  depends  not  only  on  the  channel 
bandwidth  and  path  loss,  but  also  on  many  other  parameters 
such  as  transmitted  optical  power,  background  noise, 
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Tx  pointing  angle  10°  Tx  pointing  angle  30° 


Fig.  9  Predicted  short-range  path  loss  for  varying  pointing  angles 


Tx  Rx  pointing  angle  (10°, 90°)  Tx  Rx  pointing  angle  (30°, 90°) 


wavelength  and  desired  BER.  Here  we  study  the  achievable 
data  rate  in  two  respects.  First,  we  examine  the  channel 
3  dB  bandwidth  from  the  simulated  impulse  response.  Then 
we  investigate  the  data  rate  which  is  determined  by  the 
transmitted  power,  desired  BER  and  link  path  loss.  This 
reveals  whether  power  or  bandwidth  is  dominant  in 
determining  the  achievable  data  rate. 

We  calculate  the  3  dB  bandwidth  from  the  simulated 
channel  impulse  response.  Fig.  11  depicts  range-dependent 
3  dB  bandwidth  for  varying  Tx  and  Rx  pointing  angles.  We 
observe  that  bandwidth  is  very  sensitive  to  the  pointing 
angles.  In  particular,  for  fixed  large  Tx  pointing  angles, 
increasing  Rx  pointing  angle  may  result  in  dramatic 


bandwidth  deterioration,  which  implies  limited  achievable 
data  rate  for  large  pointing  angle  geometry. 

Figs.  11  and  12  show  the  bandwidth  determined  by 
impulse  response  for  NLOS  UV  links.  We  express  the  data 
rate  by  employing  the  formulation  as  described  in  [13] 


hcLN^ 


(5) 


where  R  is  the  data  rate,  rjf  is  the  filter  transmission  efficiency, 
Tjr  is  the  Rx  detection  efficiency,  Pt  is  the  transmitted  power,  A 
is  the  UV  wavelength,  h  is  Planck’s  constant,  c  is  the  speed  of 
light,  L  is  the  link  path  loss  and  is  the  number  of  photons 
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Fig.  11  Predicted  3  dB  bandwidth  for  varying  pointing  angles 


Fig.  12  Predicted  3  dB  bandwidth  for  varying  FOV  angles 


detected  per  pulse,  is  the  number  of  noise  photons  per  pulse. 
Our  analysis  assumes  an  on-offkeying  (OOK)  modulation  and 
a  medium  background  noise  level  as  in  [13],  Given  the  BER 
[13],  Ni  can  be  calculated  from  (6)  and  (7).  Using  typical 
experimental  values,  we  assume  the  following  [21]:  %  =  0.2, 
7],  =  0.3,  A  =  100  mW,  A  =  260  nm  and  BER  =  10“l 
Based  on  (5),  we  show  the  predicted  achievable  data  rate  for 
short  ranges  by  varying  pointing  angles  and  Rx  FOV  as 
shown  in  Figs.  13  and  14 


k\ 


k'- 

k — w-p”!”  1 


(6) 


where  m-i  is  the  optimum  threshold  given  by  an  integer  floor 
operation  of  a  continuous  variable  a 


mj =  [flj , 


a  — 


ln{l  +  (Vd/VJ} 


(7) 


Comparing  Figs.  1 1  and  13,  it  is  evident  that  the  achievable  data 
rate  is  dominated  by  path  loss,  where  the  corresponding  3  dB 
bandwidth  for  each  geometry  is  much  larger  than  the  data  rate 
result  from  (5).  We  have  noted  that  while  a  wider  Rx  FOV 
can  decrease  path  loss  and  potentially  increase  data  rate,  there 
is  a  corresponding  increase  in  the  pulse  spreading.  Flowever, 
from  Figs.  12  and  14,  we  can  clearly  see  that  the  bandwidth 
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Fig.  13  Predicted  data  rate  for  varying  pointing  angles 


Fig.  14  Predicted  data  rate  for  varying  FOV  angles 


plays  a  minor  role  in  determining  the  data  rate,  because  the 
NLOS  UV  link-based  on  current  system  parameters  is  power 
limited.  For  a  given  set  of  system  parameters,  the  achievable 
data  rate  can  be  calculated  using  (5). 

4.3  Simulated  long-range  path  loss  and  power 
requirement 

The  above  discussions  are  for  short-range  NLOS  UV 
communications  up  to  roughly  100  m.  In  practical 
scenarios,  longer-range  communication  links  (up  to  several 
kilometres)  may  also  be  desired.  Although  an  NLOS  UV 
communication  system  employing  current  LED  source 
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Tx  pointing  angle  30° 


Tx  Rx  pointing  angle  (30°, 90°) 


range  (m) 


technology  may  have  a  limited  communication  distance,  a 
higher-power  UV  laser  enables  a  longer  communication 
distance,  although  eye  and  skin  safety  becomes  an  issue 
when  exposed  to  the  direct  laser  beam. 

In  this  subsection,  we  investigate  the  power  requirement  for 
long-range  NLOS  UV  links  by  varying  the  system  geometry, 
considering  baseline  range  from  1  to  5  km,  while  varying 
pointing  angles  and  FOV.  Both  path  loss  and  power 
requirements  are  studied.  We  assume  a  default  3  mrad  Tx 
beam  angle,  30°  Rx  FOV  angle  and  90°  Rx  pointing  angle 
unless  we  otherwise  explicitly  specify  these  parameters. 
Figs.  15  and  16  depict  the  predicted  path  loss  for  varying 
pointing  angles  and  FOV,  respectively.  As  for  short  range, 
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Tx  pointing  angle  10^  Tx  pointing  angle  30° 


Fig.  15  Predicted  long-range  path  loss  for  varying  pointing  angles 


Tx  Rx  pointing  angle  (10°.90°) 


range  (m) 

Fig.  16  Predicted  long-range  path  loss  for  varying  FOV  angles 

we  observe  that  path  loss  is  very  sensitive  to  the  pointing 
angles  and  FOV.  Path  loss  deteriorates  rapidly  with 
increasing  pointing  angles  at  long  ranges.  For  example,  a 
path  loss  of  about  180  dB  is  predicted  for  pointing  angle  set 
(90°,  90°)  at  a  range  of  5  km,  a  very  large  loss  that  would 
require  a  significantly  powerful  transmitter  to  overcome.  In 
Fig.  16,  large  FOVs  result  in  significant  improvements  for 
the  link  path  loss  in  different  geometries.  For  Tx  and  Rx 
pointing  angle  pair  (60°,  90°),  path  loss  for  a  5  km  range 
shows  a  30  dB  improvement  by  changing  the  FOV  from  30 
to  180°,  although  this  assumes  the  background  noise  count 
is  not  increasing  with  enhanced  FOV  and  ultimately  it  may 
be  desirable  to  find  a  good  trade-off  in  Rx  FOV  as  we 
noted  earlier. 
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Tx  Rx  pointing  angle  (30°.90°) 


range  (m) 


Figs.  15  and  16  demonstrate  very  large  path  loss  results  for 
long-range  links,  demonstrating  that  at  longer  ranges  the 
NLOS  UV  link  is  very  much  power  limited.  Flere  we 
further  study  the  power  requirement  for  long-range  UV 
links.  For  given  system  parameters,  we  can  derive  the 
required  transmission  power  from  (5)  to  be  Pi  =  {{RhclNf)! 
(TjfTjfA)}.  For  fixed  system  parameters,  we  observe  a  linear 
relationship  between  transmitted  power  and  path  loss.  For 
example,  assuming  the  following  parameters,  7]f=  0.2, 
i7r=0.3,  =  5  kbps,  A  =  260nm  and  BER=10~^,  we 

obtain  Pi  =  1.8704  x  10~*^T.  Here  we  define  path  loss 
L  =  Pi/Pr,  where  Pi  and  P,  are  transmitted  power  and 
received  power,  respectively.  Based  on  the  linear  relationship, 
we  can  predict  similar  results  for  power  requirement  with 
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varying  geometry.  This  quickly  yields  practical  limitations  on 
NLOS  UV  links.  For  example,  for  a  (90°,  90°)  pointing  angle 
link  at  a  range  of  5  km,  we  may  need  more  than  10^  W  power 
to  achieve  BER  =  10”^  and  R  =  5  kbps. 

5  Conclusion 

Incorporating  experimental  field-test  results  and  analytical 
calculation,  we  presented  our  NLOS  UV  modelling 
methods  from  different  viewpoints.  Our  models  provide 
reasonably  accurate  path  loss  prediction  for  the  cases 
studied,  at  baseline  ranges  up  to  100  m,  as  validated  by 
extensive  outdoor  measurements.  For  short-range  UV  links, 
we  examined  the  path  loss  variations  for  varying 
geometries.  We  showed  that  an  NLOS  UV  link  is  generally 
power-limited  by  a  comparative  study  of  simulated 
bandwidth  and  calculated  data  rate.  For  longer  range 
communication  links,  we  examined  both  path  loss  and 
power  requirements  for  different  geometries  for  ranges  up 
to  5  km.  Our  results  indicate  that  very  high-path  loss 
requires  high  power  for  large  pointing  angles  at  long 
ranges,  although  a  large  FOV  will  significantly  help  to 
improve  the  link  conditions.  These  results  are  useful  for 
system  design  and  communications  link  performance 
analysis.  Further  topics  of  interest  include  developing  an 
analytical  impulse  response  model,  as  well  as  analysis  of 
channel  turbulence  effects  for  NLOS  links. 
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